The transverse momentum distribution for inclusive neutral pions in very forward rapidity region has been measured with the LHCf detector in p-Pb collisions at nucleon-nucleon center-of-mass energies of √ s N N = 5.02 TeV at the LHC. The transverse momentum spectra obtained in p-Pb collisions show a strong suppression of the production of neutral pions relative to the spectra in p-p collisions at √ s = 5.02 TeV. The nuclear modification factor is about 0.1-0.4, which overall agrees with the predictions of several hadronic interaction Monte Carlo simulations. Furthermore the recent results on the inclusive energy spectra of forward neutrons in p-p collisions at √ s = 7 TeV will be discussed.
Introduction
The Large Hadron Collider forward (LHCf) experiment [1] has been designed to measure the hadronic production cross sections of neutral particles emitted in very forward angles, including zero degrees, in proton-proton (p-p) and proton-lead (p-Pb) collisions at the LHC. The LHCf detectors have the capability for precise measurements of forward high-energy inclusive-particle-production cross sections of photons, neutrons, and other neutral mesons and baryons. The discussions in this proceeding concentrate on (1) the inclusive production rate for neutral pions (π 0 's) in the rapidity range −11.0 < y lab < −8.9 as a function of the π 0 transverse momentum, and (2) the inclusive production rate for neutrons in the pseudo-rapidity range η > 8.81 as a function of the neutron energy.
This work is motivated by an application to the understanding of ultrahigh-energy cosmic ray (UHECR) phenomena, which are sensitive to the particle productions driven by soft and semi-hard QCD at extremely high energy. Although UHECR observations have made notable advances in the last few years, critical parts of the analysis depend on Monte Carlo (MC) simulations of air shower development that are sensitive to the choice of the hadronic interaction model. The fact that the lack of knowledge about forward particle production in hadronic collisions hinders the interpretation of observations of UHECR was studied in other documents, for example see Ref. [2] .
This proceedings is organized as follows. In Sec. 2 the LHCf detectors are described. The analyses results are then presented in Sec. 3 and Sec. 4.
The LHCf detectors
Two independent LHCf detectors, called Arm1 and Arm2, have been installed in the instrumentation slots of the target neutral absorbers (TANs) [3] located ±140 m from the ATLAS interaction point (IP1) and at zero degree collision angle. Charged particles produced at IP1 and directed towards the TAN are swept aside by the inner beam separation dipole magnet D1 before reaching the TAN. Therefore only neutral particles produced at IP1 enter the LHCf detector. At this location the LHCf detectors cover the pseudo-rapidity range from 8.7 to infinity for zero degree beam crossing angle. With a maximum beam crossing angle of 140 µrad, the pseudo-rapidity range can be extended to 8.4 to infinity. The structure and performance of the LHCf detectors are explained in Ref. [4] .
3 Transverse momentum spectra of neutral pions in p-Pb collisions at √ s N N = 5.02 TeV
Data used in the analysis in this section were taken in three different runs; The first run was taken in LHC Fill 3478 and the second and third runs were taken in LHC Fill 3481. The integrated luminosity of the data was 0.63 nb −1 after correcting for the live time of data acquisition systems. The p T spectrum in the rapidity range −9.4 < y lab < −9.2 is presented in Fig. 1 . The spectra categorized into other five ranges of rapidity, [-9.0, -8.9], [-9.2, -9.0], [-9.6, -9.4], [-10 .0, -9.6], and [-11.0, -10.0], are found in Ref. [5] . The inclusive π 0 production rate is defined as
2πp T dp T dy .
where σ pPb inel is the inelastic cross section for p-Pb collisions at √ s N N = 5.02 TeV and Ed 3 σ pPb /dp 's detected in the transverse momentum interval (dp T ) and the rapidity interval (dy) with all corrections applied.
In the left panel of Fig. 1 , the filled circles represent the data from the LHCf experiment. The error bars and shaded rectangles indicate the one-standard-deviation statistical and total systematic uncertainties respectively. The total systematic uncertainties are given by adding all uncertainty terms except the one 1 for luminosity in quadrature. When the impact parameter of beam proton and beam Pb is larger than the overlapping radii of each particle, so-called ultra-peripheral collisions (UPCs) can occur. The contribution from UPCs is presented as open squares in the left panel of Fig. 1 (normalized to 1/2 for visibility). The estimation of the energy and momentum spectra of the UPC-induced π 0 's is discussed in Ref. [5] and the comparison with the prediction of a hadronic interaction model which contains no UPC contribution is shown in the right panel of Fig. 1. 7
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given in Fig. 3 . In the rapidity range spectra are availthe rapidity range ere, since the bin egative due to the nterval for the nubove by p upper T , the gligibly small. three methods are in good agreement within the uncertainties. The specific values of ⟨p T ⟩ for this paper, ⟨p T ⟩ LHCf , are defined as follows. For the rapidity range −9.2 > y lab > −10.0, the values of ⟨p T ⟩ LHCf are taken from the weighted average of ⟨p T ⟩ from the exponential fit, the Gaussian fit, and the numerical integration. The uncertainty related to a possible bias of the ⟨p T ⟩ extraction methods is derived from the largest value among the three methods. For the other rapidity ranges to where the numerical integration is not applicable, the weighted mean and the uncertainty are obtained following the same method above but using only the exponential and the Gaussian fit. Best-fit results for the three approaches mentioned above and the values of ⟨p T ⟩ LHCf are summarised in Table III . Figure 5 shows the ⟨p T ⟩ LHCf and the predictions by hadronic interaction models as a function of the rapidity y lab . The average p T of the hadronic interaction models is calculated by numerical integration. dpmjet 3.04 reproduces quite well the LHCf measurements ⟨p T ⟩ LHCf , while epos 1.99 is slightly softer than both dpmjet 3.04 and the LHCf measurements. qgsjet II-03 shows the smallest ⟨p T ⟩ among the three models and the LHCf measurements. These tendencies are also found in Fig. 3 . Figure 2 shows the LHCf data p T spectra after subtraction of the UPC component (filled circles). The error bars correspond to the size of total uncertainties including both statistical and systematic uncertainties. The p T spectra in p-Pb collisions at 5.02 TeV predicted by the hadronic interaction models, dpmjet 3.04 [6] (solid line, red), qgsjet II-03 [7] (dashed line, blue), and epos 1.99 [8] (dotted line, magenta), are also shown in the same figure for comparison. Predictions by the three hadronic interaction models do not include the UPC component. Among the predictions given by the hadronic interaction models tested here, dpmjet 3.04 and epos 1.99 show a good overall agreement with the LHCf measurements.
Pi0 at p-Pb
Finally the nuclear modification factor R pPb is derived in Fig. 3 . The nuclear modification factor is defined as
Ed 3 σ pPb /dp 3 Ed 3 σ pp /dp 3 ,
where Ed 3 σ pPb /dp 3 and Ed 3 σ pp /dp 3 are the inclusive cross sections of π 0 production in p-Pb and p-p collisions at 5.02 TeV respectively. The average number of binary nucleon-nucleon collisions in a p-Pb collision is N coll = 6.9.
The LHCf measurements, currently having a large uncertainty which increases with p T mainly due to systematic uncertainties in p-Pb collisions at 5.02 TeV, show a strong suppression with R pPb from 0.1 to 0.4 depending on p T . All hadronic interaction models predict small values of R pPb ≈ 0.1, and they show an overall good agreement with the LHCf measurements within the uncertainty.
Energy spectra of neutrons in
In this section we show the energy spectra of neutrons in p-p collisions at √ s = 7 TeV. The measured energy spectra obtained from the two independent calorimeters of Arm1 and Arm2 in the pseudo-rapidity η ranging from 8.81 to 8.99, from 8.99 to 9.22, and from 10.76 to infinity, are shown in Fig. 4 . The similar characteristic features are found between the Arm1 and Arm2 measurements in all ranges even before unfolding the spectra. The slight, but apparent, differences between the two detectors can be understood by the detector response in each detector.
[GeV] Figure 5 shows the combined Arm1 and Arm2 spectra with all corrections and spectra unfolding applied. The experimental results indicate that the highest neutron production rate occurs at the most forward rapidity range (η > 10.76) compared with the hadronic interaction models. qgsjet II-03 predicts a neutron production rate compatible with the experimental results at the most forward rapidity. On the other hand, dpmjet 3.04 shows the best agreement with the experimental results at other two rapidity ranges. 
